Abstract -This paper evaluates the pore blocking mechanism of two ultrafiltration membranes with different geometries (tubular and spiral wound) when dairy wash water is filtered. The work evaluated the effect of transmembrane pressure and the cross-flow velocity with a 3 2 experimental design using classical Hermia's models and the resistance-in-series model. The resistance-in-series analysis identified external fouling on the surface of both membranes, but the tubular membrane showed higher reversible fouling, while the reversible and irreversible resistances of the spiral wound membrane averaged 41% and 45%, respectively. Cake formation is the model that best represents ultrafiltration in the spiral wound membrane at all transmembrane pressures and cross-flow velocities. In the tubular membrane, at the lowest cross-flow velocity (0.79 m.s -1 ), the cake formation model fitted the experimental data best. However, at higher cross-flow velocities (1.42 and 2.23 m.s -1 ), the best fit of flux data was obtained with the complete pore blocking model. In addition, the tubular membrane apparently had a two-step pore blocking: "pore blocking" as the initial governing mechanism followed by "cake formation".
INTRODUCTION
Sanitation of facilities in the dairy industry includes washing of silos, tubes, tanks, pasteurizers, and equipment, resulting in large volumes of wastewaters with high organic load (Brião and Tavares, 2007; Baskaran et al., 2003; Vourch et al., 2005) . In some cases, each liter of processed milk can produce up to 10 liters of wastewater, sent to the end-of-pipe treatment (Vourch et al., 2005) . Losses are estimated to vary from 1% to 3% of the milk volume received (Vourch et al., 2008) .
The cleaning of equipment starts with rinsing, which carries approximately 80% of the total organic load produced by the dairy industry. This wash water consists of a milk liquor diluted in water, high in fat, carbohydrates (lactose), proteins and some salts (Brião, 2000) . The recovery of these nutrients from this wash water could be an excellent environmental and economic alternative, removing them from the liquid stream and reducing the organic load of the wastewater (which is sent to treatment or discharged into the water body). Membrane separation processes can be used for this purpose.
Ultrafiltration is a membrane separation process in which a macromolecular solution is forced against a membrane that allows the solvent to pass through while retaining the macromolecules on the highpressure side. Ultrafiltration has a variety of applications, including the purification of drinking water, the treatment of industrial wastes, and the processing of milk and juices (Peppin and Elliot, 2001 ). In the ultrafiltration (UF) of dairy wash water, the retentate (containing the nutrients) could be used as production input (dulce de leche, milk-based beverages, powder products) and the organic load of the permeate would decrease by 75%, cutting down the costs of wastewater treatment. Rejection by ultrafiltration membranes can be as high as 97% for proteins and 93% for fat (Brião and Tavares, 2007a) .
In UF, in addition to membrane rejection, the permeate flux is the variable of economic importance because the estimate of the necessary filtration area is based on it. However, the main problem of membrane techniques is the reduction of permeate flux with time due to membrane fouling, which also produces changes in selectivity and decreases the overall process productivity (Argüello et al., 2002) . In UF, there is a rapid permeate flux decrease during the early period of filtration, followed by a long and gradual flux decline towards a steady or nearly steady-state limit value (Barros et al., 2003; Song, 1998; Boxtel et al., 1991) .
In UF, the flux decrease is caused by concentration polarization and fouling. Concentration polarization causes a rapid drop in flux, while fouling causes a gradual, long-term decline (Jonsson and Trägardh, 1990) . Membrane fouling is due to the deposition and accumulation of particles on the membrane surface and/or the crystallization and precipitation of small molecules on the membrane surface and in the membrane pores. The nature and extent of fouling depend on the characteristics of the solute and on solute/membrane interactions (Cheryan, 1998) . Operating conditions also have a direct effect on the extension of polarization concentration and fouling phenomena, such as the transmembrane pressure (TMP) and cross-flow velocity. Larger cross-flow velocities induce turbulence, increase the shear stress in the laminar region and reduce the concentration polarization. Although the TMP is the driving force for permeation, the flux increases with pressure up to a limiting value (TMP lim ), which depends on the physical properties of the suspension to be filtered and on the cross-flow velocity (Barros et al., 2003) . At low TMP, the flux is governed by the rate at which solvent passes through a porous material (Darcy's Law). At higher TMP, the flux becomes independent of pressure due to concentration polarization. For optimal flux, a TMP at the point at which flux levels off is usually chosen.
When dairy solutions are filtered, one of the main contributions to fouling is the adsorption of proteins onto the membrane surface and in the membrane pores (Argüello et al., 2002) . Understanding how this phenomenon takes place helps predict the permeate flux and, consequently, assess the economic value of the process.
The aim of the present paper was to submit wash waters from the dairy industry to ultrafiltration in order to recover nutrients and to assess the pore blocking mechanisms that occur during the process.
MATHEMATICAL MODELS

Resistance-In-Series Analysis
The resistance-in-series model has been used to evaluate fouling in the membrane separation process (Blanpain and Lalande, 1997; Gésan-Guisiou, 1999; Merin and Shomer, 1999; Choi et al., 2005; Timmer et al., 1997; Chang and Kim, 2005; Huisman et al., 1998) . According to Darcy's Law:
where J is the permeate flux, TMP is the transmembrane pressure, μ is the viscosity of the permeate, and R is the total resistance. When dairy wash water is filtered, Equation (1) becomes:
R m is the hydraulic resistance of the clean membrane; the additional resistance is separated into two parts: R ir , the fouling hydraulic resistance (fouling is defined as irreversible deposition onto the membrane surface or in the membrane matrix, such as adsorption, internal pore blocking); and R r is the hydraulic resistance due to reversible phenomena (concentration polarization and/or reversible deposit) (Gésan-Guisiou, 1999) . R m and R ir were calculated from the pure water permeate flux.
where J w is the initial water permeate flux. After rinsing the membrane (R r = 0), the pure water permeate flux (J' w ) indicates the R ir resistance:
The sum of R m , R r and R ir , which make up total resistance, can indicate which terms play a major role in the flux decline, as well as reveal whether the adhesion of solutes occurs preferably in the external region (R r at a higher ratio) or in the inner part of the membrane-within the pores (R ir at a higher ratio). Vol. 29, No. 02, pp. 393 -407, April -June, 2012 Membrane Pore Blocking Models During filtration, slurry particles are carried by the liquid towards the filter membrane and then deposit on the membrane surface to form a filter cake or block in the pores of the membrane. Both cases result in the increase of filtration resistance and in the attenuation of the filtration rate. In order to describe the blocking phenomena in filtration, four kinds of blocking models (Figure 1 ) have been proposed. A mathematical model (Equation (5)) was presented by Hermia (1982) to describe the permeate flux decline. This model is based on classical constant-pressure dead-end filtration equations. The constant n depends on the pore blocking mechanism involved in the process.
Brazilian Journal of Chemical Engineering
Complete Pore Blocking (n = 2)
The size of the particles is larger than that of the membrane pore; in this case, particles deposit on the membrane surface and block the entrances of membrane pores completely with no overlapping particles. The decrease in the number of membrane pores increases the filtration resistance (Hwang and Lin, 2002) .
Internal Pore Blocking (n = 1,5)
The basic assumption of this model is that the internal volume of the pores decreases proportionally to the permeate volume due to deposition or adsorption of microsolutes on the pore walls (Jaffrin et al., 1997) . Material not rejected by the pore entrance is adsorbed or trapped on the pore wall or in the membrane support, thus leading to a decrease in pore volume.
Intermediate Pore Blocking (n = 1)
Each particle arriving at the membrane settles on another particle, which had arrived previously and was already blocking some pore, or directly blocks some membrane area; the probability of landing upon particles already on the surface is taken into account (Field et al., 1995; Jacob et al., 1998) .
Cake Formation (n = 0) Each particle locates on others that have already arrived and are blocking some pores and there is no room for directly obstructing any membrane area (Jacob et al., 1998) . The basic assumption is that the cake resistance is proportional to the cumulative filtered volume (Jaffrin et al., 1997) .
Many researchers have used the adaptation of Hermia's model to evaluate the flux decline in deadend filtration and cross-flow filtration (Bowen et al, 1995; Hwang and Lin, 2002; Herrero et al., 1997; Jacob et al., 1998; Jaffrin et al., 1997; Jonsson et al., 1996; Rezaei et al. 2011; Yazdanshenas et al., 2010; Li et al., 2010; Vela et al., 2008 , Ye et al., 2005 Arnot et al., 2000) . However, Field et al. (1995) modified Hermia's model (1982) for cross-flow filtration by adding a term that represents convective removal (Equation (6)).
The term J * can be considered to be a critical flux that should not be exceeded if fouling is to be avoided; k and n are a phenomenological coefficient and a general index, respectively, both depending on the fouling mechanism (Field et al., 1995) .
After some manipulation, Field et al. (1995) obtained equations for different pore blocking mechanisms (Table 1) . In these equations, where k a , k b , k c and k d are constants of the models. J 0 is the initial permeate flux (t = 0); ε 0 is the membrane surface porosity (clean membrane); k c is the constant of Hermia's model for intermediate blocking; A is the membrane surface area; σ represents the blocked membrane area per unit permeate volume; α is a parameter characterizing the fouling potential of the solution for the cake filtration model; k d is the cake filtration constant relating mass to volume; R m is the clean membrane resistance. 
MATERIAL AND METHODS
Experiments
The dairy wash water was simulated by diluting whole milk powder in water at a concentration of 2 g.L -1 . This concentration was tested so that the chemical oxygen demand (COD) was close to 2,000 mg.L -1 , similar to that of dairy wastewater, as observed by Brião (2000) . Figure 2 illustrates the ultrafiltration apparatus.
The experiment was carried out in a pilot module provided by WGM Systems in Brazil. The pilot module consisted of a stainless steel tank with 18 L capacity from which the simulated wastewater was fed to and driven by a pneumatic pump through the membrane, separating the permeate from the retentate. The permeate was collected on a semianalytical balance accurate to two decimal places (Marte brand, model AS2000C) to measure the permeate flux, while the retentate was recirculated back to the feed tank. The equipment had a tubular heat exchanger in the circulation line of the retentate and cold water (2ºC to 4ºC) was recirculated with the aid of a thermostat bath (Manufacturer: Marconi, Model 184) to maintain the temperature in the range of 23ºC± 1°C. All flow lines were recycled to the tank to keep a constant feed concentration.
Two membranes were used. The first one was a tubular membrane (HFM -180 -Koch Membrane Systems Inc., MWCO 80 kDa), 1.27 cm (0.5 inch) in diameter, made of polyvinylidenefluoride (PVDF), with an area of 166 cm 2 ; the second membrane was made of polyethersulfone (PES) in a spiral wound configuration (HFM -131 -Koch Membrane Systems Inc., MWCO 5kDa), 2.54 cm (1 inch) in diameter and with an effective filtration area of 0.28 m 2 . The pure water flux (J w ) was measured before each experiment with distilled water. After dairy wash water filtration, the membrane surface was washed in order to remove reversible fouling without disturbing the irreversible membrane fouling (Blanpain and Lalande, 1997 ) and a new pure water flux was measured to obtain J' w . The resistances were obtained according to Equation (1) - (4).
Experimental Design
Two independent variables (pressure and crossflow velocity) at three different levels (3 2 ) were applied to each membrane (tubular and spiral wound). Table 2 shows the experimental design matrix with the pressures and cross-flow velocities applied to each membrane. The experiments were conducted in duplicate and in random order. The cross-flow velocities in each system were determined according Equation (11):
where the area (A) is that perpendicular to the flow; v is the average cross-flow velocity; Q is the retentate flowrate; for the spiral wound membrane, the area is that perpendicular to the flow and is equal to the net channel thickness multiplied by the channel width. The net channel thickness is equal to the gross channel thickness minus the volume displaced by the mesh spacer per unit area (Clarke and Heath, 1997) .
Analysis of the Pore Blocking Mechanism
The resistance-in-series model was used to identify the place (membrane surface or internal pore) of fouling. The physical properties of the permeate (specific weight and viscosity) were considered to be the same as those of water because the permeate was a dilute solution. Total resistance (R), irreversible resistance (R ir ) and reversible resistance (R r ) were determined.
To identify the fouling mechanism during the ultrafiltration of the dairy wash water, the parameters k and n were estimated according to the nonlinear regression optimization procedure, using MATLAB® software. Four optimization runs were performed sequentially for each set J × t by assigning (n = 0, 1.0, 1.5, 2.0), corresponding to the steadystate value J* already observed experimentally (last permeate flux measured). The sum of the squares of the residuals between numerical predictions and experimental data was the criterion used to establish the fouling mechanism (Barros et al., 2003) . ). However, the increase in resistance was higher than the flux increase in such a way that no proportional flux was obtained by doubling the pressure and cross-flow velocity.
RESULTS AND DISCUSSION
Permeated flux showed a typical ultrafiltration behavior for both membranes, with a sharp decline in the first minutes, followed by a slower decline. The initial sharp decrease in flux was attributed to protein adsorption and the subsequent slower decrease ascribed to the effects of concentration polarization. Actually, protein adsorption occurs within a very short time in the ultrafiltration of milk (James et al. 2003) .
A preliminary analysis of the extent of (reversible and irreversible) fouling could be made by comparing the initial permeate flux (J 0 ) and the steady-state permeate flux (J*). The tubular membrane has a higher molecular weight cutoff -MWCO (80 kDa) than the spiral wound membrane (5 kDa) and thus the tubular membrane showed a higher initial permeate flux. This relationship was near 0.5 for the spiral wound membrane (under all experimental conditions) and the value was close to 0.2 (v = 0.7 m.s 
Resistance-In-Series Model
Figures 5 and 6 show the increase in total resistance (R) throughout the filtration period for the tubular and spiral wound membranes, respectively. Total resistance was highest under higher pressure (294 kPa) and at lower cross-flow velocity, as the rise in the driving force for movement did not lead to a proportional increase in permeate flux. Examination of the theoretical resistance curves indicates that cases in which the resistance increases with an increasing slope may be described by internal fouling models and those in which it increases with a decreasing slope may be described by the external cake filtration model (Tracey and Davis, 1994) .
In fact, depending on solute size and membrane pore size interactions, the curves can initially be concave upwards (internal deposit), but as the pores decrease their diameter, there occurs external deposit (Bowen et al., 1995) . Nevertheless, Figures 5 and 6 show that the curves are concave downwards under all conditions tested, demonstrating that there was external pore blocking only.
The molecular sizes of milk components are shown in Table 3 . This information is useful to confirm external pore blocking because the milk component sizes are greater than those of the membrane pores, except for the calcium ion. However, the concentration of Ca 2+ is low (about 40 mg.L -1 ) in dairy wash water, not being a problem in ultrafiltration experiments. However, these data alone do not allow the determination of which mechanism is actually at play in pore blocking. Table 4 presents the means for reversible and irreversible membrane total resistance. The tubular membrane resistance was lower than that of the spiral wound membrane by around 15 times (a direct effect of the larger pore size). The spiral wound membrane exhibited a larger tendency towards irreversible fouling (about 45% of total resistance) than the tubular membrane (about 17% of total resistance). On the other hand, R r was higher in the tubular membrane ultrafiltration (mean of 80%) than in that of the spiral wound membrane (mean of 17%). Blanpain and Lalande (1997) also found that the external reversible resistance contributed to a greater extent (above 80%) to the total resistance in the microfiltration of beer, but that there was a transition from internal pore blocking to cake formation. Table 5 shows the characteristics of the wash water. Irreversible resistance is caused by strong adsorption onto the membrane surface. The intensity of this phenomenon depends on the interactions between solute and membrane. Most of the problems encountered in membrane filtration are physicochemical phenomena. They stem from differences in the formation of different types of bonds such as ion-ion, ion-dipole and dipole-dipole bonds, hydrogen bonds being the latter type (Matthiasson and Sivik, 1980) . It is well known that calcium phosphate plays an important role in the fouling of membranes. Both amorphous and crystalline calcium phosphates form complexes within milk proteins and the protein precipitates together with calcium phosphate (Boxtel et al., 1991) . Precipitation is the main mechanism whereby calcium phosphate participates in membrane fouling, but Table 5 shows a low concentration of phosphorus and calcium in dairy wash water, indicating that this route is not the main contribution to membrane fouling. Baudry et al. (2002) used advanced techniques such as ATR-FTIR (attenuated total reflectance Fourier transform infra-red) and EDX (energy dispersive X-ray) spectroscopy coupled with SEM (scanning electron microscopy) to identify the chemistry of the fouling layer in the ultrafiltration of skimmed milk. The authors identified the adsorption of all milk components (lactose, salts, proteins), even under static conditions. However, after rinsing, lactose and salts were removed, but proteins remained adhered to the membrane. Hence, lactose and salts play a role in reversible resistance, whereas proteins take part in both resistances (reversible and irreversible). James et al. (2003) conducted a microstructural study of membranes fouled by milk. They used SEM images to identify the irreversible adsorption of protein onto the membrane and found that the internal fouling of microfiltration membranes can be attributed to the interaction between protein molecules or clusters and the membrane polymer, coupled with protein-protein interactions, thus forming agglomerates. This protein adsorbed onto the membrane surface is the whey protein fraction other than casein micelles. Table 6 contains the analysis of variance (ANOVA), showing the effect of transmembrane pressure and of cross-flow velocity on the total resistance of the tubular membrane filtration. Both variables (TMP and v) proved to have an effect on the total resistance of filtration, with TMP and v interaction (p < 0.05 for TMP*v) in such a way that TMP increases the resistance further when lower cross-flow velocities are used. The effects of TMP and v on the experimental resistances obtained from the tubular membrane are shown in Figure 7 .
Pressure produced an effect on both resistances (irreversible and reversible) and, consequently, on the total resistance. Note that Figure 7 (a) is quite similar to Figure 7 (c), as reversible resistance contributed the most to the total resistance of the process (about 80%). The optimal point for working with the tubular membrane is that at which the total resistance of filtration is minimized, i.e., by using a cross-flow velocity of 2.23 m.s -1 . The use of higher pressures increases the flux at the beginning of the process (Figure 3 ), but it also increases filtration resistances (both irreversible and reversible); therefore, it is not possible to obtain flux increases with higher pressures.
The ANOVA also demonstrated that the transmembrane pressure produced an effect on both resistances (irreversible and reversible). This is because higher pressures take the solutes to the membrane (into the boundary layer) at a higher concentration, in addition to forcing the solutes against the membrane, thus enhancing the irreversible adsorption of these compounds. increase the Reynolds number (10012, 17997 and 28264), reducing the polarized layer, in addition to increasing the tangential drag of the solute on the membrane surface, reducing the reversible resistance and thus not causing an impact on the irreversible resistance. Some evidence suggests that high shear stress per se does not hinder the physicochemical fouling process, but that it can significantly play down its negative effects (Matthiasson and Sivik, 1980) . Figure 8 shows the effects of transmembrane pressure and cross-flow velocity on the filtration resistances of the spiral wound membrane.
The pressure elevated all filtration resistances and, therefore, no proportional increase in flux was observed. On the other hand, the cross-velocities used (0.15 m.s ) created laminar flow conditions (Reynolds numbers of 285, 514 and 819, respectively). Even though the spiral wound membrane spacer offers some mixing in the circulation channel of the feed stream, increases in velocity did not produce a proportional effect on the reduction of the reversible resistance as occurred with the tubular membrane. Nonetheless, under higher pressure (294 kPa), the total resistance decreased (Figure 8-a) at the highest cross-flow velocity, showing that the effects of TMP and v are combined. This piece of evidence is indicated in Table 7 , showing the interaction between TMP and v. Likewise, both TMP and v had some effect on total resistance (p < 0.05). Baudry et al. (2002) carried out fouling experiments with milk employing the same spiral wound membrane (HFK 131 -Koch Membrane Systems) as in the present work. They found that irreversible fouling was attached to the membrane even after chemical cleaning. The reason for this was strong protein adsorption and, even when the hydraulic permeability was recovered, traces of proteins were still adsorbed onto the membrane surface. Pore Blocking Models Table 8 shows the sum of squares for the nonlinear regression of each pore blocking model (Equations (7) through (10)) for the ultrafiltration tests with spiral wound membrane.
Ultrafiltration of model wastewater in the spiral wound membrane presented the same behavior under all of the tested pressure and cross-flow velocity conditions and cake formation was the mathematic model that best represented the process (lowest sum of squares). Figure 9 shows the result of nonlinear regression for each pore blocking model under 98 kPa and at a cross-flow velocity of 0.15 m.s -1 (Figure 9 (a) ) and under 294 kPa and at 0.44 m.s -1 (Figure 9 (b) ). Note that the internal pore blocking model was the farthest away from the experimental data, showing that internal pore blocking was discrete, or did not occur at all, in the membrane. However, it is also possible to observe in Figure 9 (b) that, although the physical-mathematical model of cake formation yielded the lowest sum of squares, there is a time period (t < 30 min) in which the experimental data deviate from this model, which possibly indicates more than one pore blocking mechanism. . Table 9 provides the nonlinear regression results for the flux data obtained from wash water ultrafiltration tests with the tubular membrane. Table 9 shows that no single behavior was observed in terms of pore blocking under the conditions tested using the tubular membrane. When lower cross-flow velocities (0.79 m.s ), the complete pore blocking mechanism yielded the lowest sum of squares. These values serve to identify the pore blocking mechanism that best represents the experimental flux curves throughout the filtration process; however, there could be systems in which more than one mechanism might be involved. , revealing that the experimental points followed the "cake filtration" model throughout the filtration process. Figure 10 (b) illustrates the effect of cross-flow velocity; convection carries the solutes that reach the membrane, but the mass that gets to the membrane is not enough for cake formation. Thus, the solutes reduce the effective filtration area, being deposited onto the outside of the membrane. The "complete blocking" model was the one that best represented this process. Figure 10 (c) demonstrates that the experimental points were close to those of the "complete pore blocking" model in the first periods of filtration and, as filtration proceeded, the experimental data drew closer to those of the cake filtration model, showing that pore blocking can take place in two stages. This phenomenon was reported by Bowen et al. (1995) . According to these authors, there may be four stages and, due to the distribution of pore sizes in the membranes, these four stages eventually overlap.
In general, a succession of pore blocking mechanisms exists and the transition between them is gradual and separated by a narrow time interval (Bowen et al., 1995) . Figure10-c illustrates this behavior, given that the experimental data were quite close to those of the complete pore blocking model during the first minutes of filtration (t < 3 min); thereafter, at about 40 min of filtration the experimental data were close to those of the cake filtration model. Another important aspect is that the pore blocking mechanism depends on the relationship between solute size and the diameter of the membrane pores (Herrero et al., 1997) . If the solute size is much larger than the pore size, the process begins with complete blocking and, as particles deposit on those that have already adhered to the membrane, intermediate blocking predominates, followed by cake formation (Bowen et al., 1995; Prádanos et al., 1996) . Several dairy wastewater solutes have a larger size than that of the pores of both membranes (Table 3 ). In the spiral wound membrane, milk solids deposit or accumulate on the outside of the membrane and, owing to lower turbulence, lead to quick cake formation. In the tubular membrane, although whey proteins have a smaller size than the cut-off diameter, they account for only a small amount of the total solids in the wastewater and are found in diluted form; therefore, internal pore blocking was not detected in the experimental assays. Thus, complete pore blocking predominated in the initial periods of filtration. Other smaller-sized solutes, such as lactose and salts, make up the cake, but are not strongly adhered to the membrane; these compounds permeate through the membrane when such an adhered layer is not formed (Rao et al., 2002) .
The resistance-in-series analysis demonstrated that milk solids deposited on the outside of the membranes. On the other hand, the two pore blocking mechanisms identified (complete blocking and cake formation) are also membrane external blocking mechanisms and thus both analysis are in agreement with this finding.
A two-step pore blocking process was not observed when low cross-flow velocities were applied to the tubular membrane filtration. Basically, the drag effect of the convective flux exerted on the molecules that reached the membrane was so small that, from the outset, the balance of forces of these molecules caused them to deposit on the membrane surface, leading to quick cake formation. Likewise, higher pressures produced an increase in initial flux (J 0 ), heightening convective transport to the membrane and accelerating cake formation.
CONCLUSIONS
The resistance-in-series analysis showed that there was external pore blocking in both membranes, with deposition and/or adsorption of solutes only on the membrane surface. Deposit resistance contributed more substantially to reducing the tubular membrane flux (about 80% of the total resistance), whereas for the spiral wound membrane, the reversible and irreversible resistances averaged 41% and 45%, respectively.
The "cake filtration" model was the best representation of pore blocking in dairy wastewater ultrafiltration with the spiral wound membrane.
As for the tubular membrane, no single behavior in terms of pore blocking was representative of its permeated flux, especially with regard to the crossflow velocity used. At the lowest cross-flow velocity (0.79 m.s -1 ), the cake formation model fitted best to the experimental data. However, at higher cross-flow velocities, the best fit of the flux data was obtained with the complete pore blocking model, due to the convective drag effect and to the removal of the external layer of solutes formed on the membrane. ) ranges of cross-flow velocity revealed that the tubular membrane pore blocking followed a sequence of mechanisms, with an initial flux decrease due to complete pore blocking, followed by a transition region, with subsequent cake formation. 
NOMENCLATURE
